The microstructure and composition of aluminum oxide films, formed by a two-step anodization process in various electrolytes at 100 V then subject to an intermediate heat treatment (500°C, 2 min), were investigated. The anodization electrolytes used included ammonium adipate electrolyte, phosphoric acid electrolyte, ammonium dihydrogen phosphate electrolyte, and their mixtures. The cross-section morphologies, crystal structure, and chemical composition of aluminum anodic oxides were examined by transmission electron microscopy. X-ray photoelectron spectroscopy was carried out to study the surface chemical state of the anodic films. The corresponding capacitances and retention voltages of these oxide films were also explored. The results indicated that amorphous-to-crystalline transformation of the oxide, primarily in films formed in ammonium adipate electrolyte, was induced by the heat treatment. Electron diffraction analyses further revealed the oxide films consisted of two distinct zones, which included an inner amorphous layer and an outer layer containing crystalline ␥Ј-Al 2 O 3 . This study found that the phosphorous species in either the primary or the re-anodization electrolytes had a potential to cause changes of Al and O distributions within the oxides. The oxide film primarily anodized in ammonium adipate and re-anodized in phosphoric acid had the highest capacitance due to its high degree of crystallinity and thinness compared to oxides formed in other electrolytes. The presence of phosphorus, from the primary anodization electrolytes, in the oxides could inhibit the formation of crystalline ␥Ј-Al 2 O 3 and, consequently, decrease the capacitances of the anodic films. At the same time, the retention voltage and hydration resistance of these oxide films were improved.
I. INTRODUCTION
Barrier aluminum anodic oxides find a wide range of applications in electronic devices. 1, 2 In particular, the fabrications of electrolytic capacitors, 3, 4 thin film transistors (TFT) in liquid-crystal display (LCD) devices, metal-insulator-metal (MIM) cathodes for electron-beam lithography systems, 5 vacuum microtransistors 6 and display devices, 7 and so forth, all require the use of these oxide films. The properties of the oxides were found to depend on anodization electrolytes. It has been reported [8] [9] [10] [11] [12] that the anions in the electrolyte had the potential to be incorporated into the oxide during the film growth. As a result, there existed a possibility for the morphology, chemical composition, crystallinity, and electrochemical behavior of the aluminum anodic oxide to be significantly influenced. This influence may cause both positive and negative consequences. Thus, the search for proper anodization electrolyte is of practical industry interest.
Fundamental research on the features of the anodic barrier films formed in the bases of boric acid, [13] [14] [15] [16] [17] citric acid, 18, 19 tartaric acid, 1, [20] [21] [22] phosphoric acid, 23, 24 and ammonium adipate electrolytes, 25, 26 and so forth, are comprehensive. Katoh 27 summarized the performance of the aluminum oxide films formed in various electrolytes. The report showed that the current efficiency of anodic oxide formation in ammonium adipate solution was the highest (99.4%) among others. Moreover, the low leakage current, good durability against acid, and superior transient behavior of the anodic films could be obtained in this anodization solution. On the other hand, it was also observed that the film formed in ammonium dihydrogen phosphate solution exhibited the best hydration resistance. The results implied that it had potential to fabricate anodic aluminum oxide films with optimum characteristics in mixed electrolytes of various ammonium adipate and phosphorus-containing solutions. Because an intermediate heat treatment was found to enhance the crystallinity 26 and the relative dielectric constant of the anodic oxide, it was also used in this study. Although the aluminum oxide grew predominantly during the primary anodization, re-anodizing the sample at the same voltage in a proper electrolyte would repair defects, increase the resistance, and lower the leakage current of the anodic film. 26 In this investigation, several kinds of re-anodization electrolytes were used, and their effects were investigated. Transmission electron microscopy (TEM) incorporated with energy dispersive spectroscopy (EDS) was used to analyze the structure and chemistry of the aluminum anodic oxide films obtained. The corresponding capacitances and retention voltages were also evaluated.
II. EXPERIMENTAL

A. Formation of the aluminum anodic oxide films
Specimens 10 cm 2 in area were cut from 90-m-thick, O-temper, 99.99% aluminum foil containing 0.0035 Fe, 0.0041 Si, and 0.0010 wt% Cu. All specimens were first washed in HNO 3 +Na 2 SO 4 solution at 80°C for 2 min to remove the oxide and the grease on the sample surface. Specimens were then rinsed thoroughly in deionized water and dried in a warm air stream. Afterward, the specimens were treated with a two-stage anodization process. The first stage (primary) anodization was conducted in ammonium adipate electrolyte (group I), ammonium adipate/phosphoric acid mixed electrolyte (group II), and ammonium adipate/ammonium dihydrogen phosphate mixed electrolyte (group III) at 85°C, respectively. A 304 stainless steel (SS) plate was used as the counterelectrode. In this stage, a constant current density of 25 mA/cm 2 was passed through the cell between the aluminum foil and the counter electrode until the potential difference reached 100 V. Then, the voltage was held at this potential for 10 min while the current was allowed to decay. After the primary anodization, the specimens were introduced in the furnace at 500°C for 2 min. In the second (re-anodization) stage, the anodization process was repeated, except with a shorter holding time of 2 min in the controlled-potential condition. The variations of current density and potential with time were recorded during anodizing with the accuracy of 0.1 mA and 0.1 V, respectively. The composition, concentration, and pH values of the electrolytes used in the primary and reanodization processes are given in Table I . The specific conditions for specimen preparations are listed in Table II .
B. TEM examinations
An ultrathin sectioning technique 28, 29 was used to prepare the cross-section samples of the anodized aluminum foils for TEM analysis. Anodized specimens were first cut into strips about 0.1 × 20 mm in area. These strips were then placed vertically in gelatin capsules containing Spurr's epoxy resin mix. The capsules were kept under reduced pressure by means of an aspirator. This allowed the resin to fully penetrate the surface of each specimen. The samples were then kept at 60°C over 24 h for complete polymerization. Initially, the blocks of resin were trimmed with a knife and sectioned with a diamond cutter of an ultramicrotome. The cutting direction was parallel to the metal/film interface, and the section thickness was generally 40∼60 nm. After cutting, the sections were mounted on copper grids and examined in TEM at 200 kV. The auxiliary EDS was conducted to elucidate the chemical composition of the anodic oxide film. Camera length of 100 cm was used during nano-beam electron diffraction.
C. XPS analyses
X-ray photoelectron spectroscopy (XPS) was also carried out to evaluate the surface chemical state of the aluminum anodic oxide films. The measurements were performed with an ESCA 210 (VG Science Ltd., UK) spectrometer. Monochromated Al K␣ (1486.6 eV) radiation was utilized as the x-ray source. The pressure in the analyzing chamber was approximately 1 × 10 −9 Torr during the measurements. 
D. Capacitance measurements
The capacitance of various anodic oxide films were measured using a typical LCR meter in 25°C aqueous ammonium adipate electrolyte (150 g/1000 g H 2 O). A pure aluminum sheet with a very large area was used as the counter electrode. The perturbation was 1.2V rms at 120 Hz.
E. Retention voltage measurements
The sourcemeter, Keithley 2400 (Cleveland, OH), was used to perform the retention voltage test. It was executed in 25°C aqueous ammonium adipate electrolyte (150 g/1000 g H 2 O). A 304 stainless steel (SS) plate was used as the counterelectrode. A constant current density of 10 A/cm 2 was applied to the anodized aluminum specimen, and the response voltage was recorded. As soon as the current was applied, the response voltage immediately raised at a sharp rate and then gradually reached a saturated value. After 1 min, the voltage was recorded as the retention voltage (Vr) of the aluminum anodic oxide film. This retention voltage was considered to be the primary factor in evaluating the reliability of the oxide film and generally define its safe application range. 30 Moreover, one of the most critical problems of the anodic oxide is when it contacts with aqueous electrolyte or humidity; they lose dielectric performance and may turn to be a safety hazard. To evaluate the hydration resistance of the oxides, retention voltages were measured after immersion in boiling water for ten minutes (denoted as Vr 10 ).
III. RESULTS AND DISCUSSION
A. Current and voltage transients during anodization
The variations of current density and potential with time, for the aluminum foils, were recorded during anodizing. Figure 1 plots their changes versus time at the initial stage of primary anodization in ammonium adipate electrolyte. As seen in this figure, it took about 10 s to reach the defined voltage (100 V) under a constantcurrent (25 mA/cm 2 ) condition then the anodizing process was switched to voltage-control mode. The current density drastically decreased and finally reached the steady state (<10 A/cm 2 ). It was found that the (primary) anodization curves of the electrodes were not significantly changed by adding phosphoric acid (as electrolyte D) or ammonium dihydrogen phosphate (as electrolyte E) in the ammonium adipate electrolyte. During the re-anodization, the voltage immediately raised to 100 V upon applying the current. The current, subsequently, dropped in the same manner as depicted in Fig. 1 . No significant difference in the re-anodization behavior between the various electrolytes was detected. The results also supported the idea that the aluminum oxide layers grew mainly in the primary anodization process. amorphous structure, was clearly identified on top of the aluminum substrate as a grayish band. It was also found that the oxide subjected to re-anodization, without intermediate heat treatment, showed the similar morphology to that exhibited in Fig. 2(a) . The TEM bright-field image of the sample anodized in ammonium adipate electrolyte and subject to a 500°C, 2 min heat treatment (no re-anodization) is shown in Fig. 2(b) . The picture indicates that the oxide consisted of two distinct zones that included an inner featureless layer and an outer layer with some contrasting regions. Nano-beam electron diffraction analysis was performed to reveal the crystal structure of the aluminum anodic oxide. The analytical results, as shown in Fig. 2(c) , indicated that the inner layer was fully amorphous in nature. The electrondiffraction patterns of crystalline oxide in the outer layer, with (111) poles, is shown in Fig. 2(d) . The results confirmed that it was ␥Ј-Al 2 O 3 with FCC structure. 25, 26, 31 The results demonstrated that the heat treatment could induce amorphous-to-crystalline transformation for the aluminum anodic oxide film. Interestingly, the induced crystalline formation predominantly occurred in the outer layer of the oxide. Future work is needed to address this issue. Figure 3(a) shows the cross-section morphology of the aluminum foil primarily anodized at 100 V in 85°C ammonium adipate electrolyte, subjected to an intermediate heat treatment, and re-anodized in the same electrolyte (condition I1). A two-layer structure, very similar to that revealed in Fig. 2(b) , was observed. The chemical composition of the anodic oxide at various positions within the film was examined by EDS. The experimental data, given in Fig. 3(d) , indicated that the atomic ratio of Al/O for the crystalline oxide (point A) was close to the stoichiometric ratio of Al 2 O 3 (2/3). However, the Al/O atomic ratio for the amorphous oxide was lower than that of the Al 2 O 3 . The chemical composition with depth (points B, C, and D) within the amorphous region was uniform with the Al/O atomic ratio almost constant throughout the thickness. The through-film-thickness cracks shown in this figure were the artifacts formed during the ultramicrotomy for TEM specimen preparation. A TEM bright-field image of the aluminum anodic oxide film, primarily formed in ammonium adipate electrolyte, subject to intermediate heat treatment, and reanodized in phosphoric acid electrolyte (condition I2), is shown in Fig. 4(a) . The oxide film, including an inner amorphous layer and an outer crystalline layer, was also observed. More precisely, the outer layer was a composite of amorphous and crystalline oxide mixture. When compared with that shown in Fig. 3(a) , however, it was found that the thickness of the whole anodic oxide film decreased when the amount of crystalline oxide (␥Ј-Al 2 O 3 ) increased. It was observed that the thinner oxide film was probably due to the partial dissolution of the anodic oxide in the acidic re-anodization electrolyte (pH ‫ס‬ 1.84). The increased electric field within the oxide film would thus enhance the crystallization. EDS was also carried out to examine the chemical composition of the aluminum anodic oxide. The results shown in Fig. 4(b) are for those points in the amorphous region, which indicate that the Al/O content ratio gradually increased with its depth from the oxide surface. This increase is quite a different phenomenon from the uniform chemical composition observed in the anodic oxide formed according to condition I1 [as shown in Fig. 3(d) ]. It has been found that a uniform distribution of Al and O existed within the oxide formed by single-stage anodization of aluminum in ammonium adipate electrolyte. 25 Thus, the concentration gradient revealed in Fig. 4(b) seemed to result from the re-anodization stage. More specifically, re-anodization in phosphoric acid electrolyte would cause retardation of either the outward diffusion of aluminum ions or the inward diffusion of oxygen ions. EDS analyses did not reveal the presence of phosphorus inside the aluminum anodic oxide. Because the anodic oxide was not significantly grown during the reanodization, the absence of P in the film could be explained. Figure 5 (a) shows the TEM cross-section micrograph of the aluminum foil primarily anodized in ammonium adipate electrolyte, heat treated, and re-anodized in ammonium dihydrogen phosphate electrolyte (condition I3). A two-layer structure was revealed. However, it was observed that the crystalline region was less than that formed according to condition I2 [as shown in Fig. 4(a) ]. The chemical composition, examined by EDS, of the anodic oxide film is presented in Fig. 5(b) . An obvious concentration gradient of Al and O, similar to that shown in Fig. 4(b) , was clearly present. Again, no phosphorus could be detected within the anodic oxide film. The results indicated that although the phosphate ions in the re-anodization electrolyte could not incorporate into the anodic film, they still influenced the concentration profile of Al and O within the aluminum anodic oxide. The TEM micrographs for the cross-section morphologies of the aluminum oxide films primarily anodized in ammonium adipate electrolyte, heat treated, and re-anodized in ammonium adipate/phosphoric acid mixed (condition I4) and ammonium adipate/ammonium dihydrogen phosphate mixed electrolytes (condition I5), respectively, are shown in Figs. 6 and 7. The images were similar to that demonstrated in Fig. 3(a) . Noticeably, the morphology and microstructure of the aluminum anodic oxide were not significantly affected by the change of the reanodization electrolyte composition. by EDS, of the anodic oxide at various positions (points A-C) are also given in Fig. 8(b) . It was observed that phosphorus was detected within the oxide. Phosphorus clearly originated from the primary anodization electrolyte. The highest concentration of P (up to 3 at.%) was found in the middle (point B) of the anodic oxide film. Because the incorporated phosphorus had a tendency to migrate inwards, 11, 12, 32 there might be some P traps located in the middle layer of the oxide. In fact, Shimizu et al. 2 has also reported the nonuniform distribution of phosphorus, revealing a complex variation with depth, within the anodic oxide based on glow discharge optical emission spectrometry (GDOES) depth profiling study. However, the explanation for the complex variation of P with depth is not yet clear. The variation of Al/O ratio with depth is also demonstrated in Fig. 8 Figure 9(a) shows the TEM bright-field image of the aluminum foil primarily anodized in E electrolyte (ammonium adipate/ammonium dihydrogen phosphate mixed electrolyte), heat treated, and re-anodized in ammonium adipate electrolyte (according to condition III1).
The completely amorphous aluminum oxide was clearly identified. The chemical compositions of the anodic oxide as analyzed by EDS at various depths are presented in Fig. 9(b) . Similar to that formed by condition II1 [as shown in Fig. 8(b) ], P was found incorporated into the anodic oxide. The trapping of P in the middle of the oxide was more pronounced when anodization was conducted in electrolyte E.
According to the TEM results (Figs. 3-9) , the composition of the primary anodization electrolyte predominantly governed whether the ultimate two-layer structure of anodic oxide was formed or not. The incorporation of phosphorus into the oxide only took place in the primary anodization process and inhibited the crystallization of anodic aluminum oxide during the heat treatment. Consequently, the fully amorphous oxide layer was obtained regardless of the composition of the reanodization electrolyte used. However, re-anodization in both phosphoric and phosphate electrolytes did not cause formation of P-containing anodic oxides. Interestingly, it was found that the addition of a small amount of phosphoric acid or ammonium dihydrogen phosphate in the primary anodization electrolyte could inhibit the formation of crystalline oxide. The absence of ␥Ј-Al 2 O 3 in the oxide which was formed in plain ammonium dihydrogen phosphate electrolyte has also been reported in the literature. 32, 33 C. Surface analyses of the aluminum anodic oxide films XPS was carried out for surface characterization of the aluminum anodic oxide. Figure 10 shows the XPS spectra of P 2p orbit for the oxide films formed according to conditions I1, I2, I3, II1, and III1, respectively. The peak of the spectra (except curve a) with a binding energy of 134.1 eV corresponded to AlPO 4 ·xH 2 O. 30 Though EDS did not reveal the presence of P within the oxides prepared according to the conditions I2 and I3, XPS results showed that P appeared on the oxide surface (curves b and c). The P detected on the specimens prepared according to conditions I2 and I3 resulted from the adsorbed PO 4 3 - species existing in the re-anodization electrolyte. The relatively low peak intensity in curve b, as compared with that in curve c, further suggested that partial dissolution of the anodic oxide might occur in phosphoric acid electrolyte. As indicated in early EDS analyses, P was present in the interior of the aluminum oxide that was primarily anodized in either phosphoric acid or phosphate containing electrolyte. The high intensity of P 2s spectra (curves d and e) with the same binding energy of 134.1 eV also supported that AlPO 4 ·xH 2 O was present inside the anodic film prepared in primary anodization electrolytes of D and E.
D. The capacitances and retention voltages of the anodic oxide films
The capacitances of the aluminum oxide films prepared by various conditions are listed in Table III . By comparing the anodic films formed by conditions I1-I5, it was found that the oxide film re-anodized in phosphoric acid electrolyte (condition I2) had the highest capacitance. The distinctly higher capacitance of the oxide could be contributed from its higher degree of crystallinity (consequently, the higher relative dielectric constant 23, 25 ) and thinner oxide film. It was observed that, between groups II and III, the respective film capacitances of the oxides re-anodized in the same electrolyte were similar, nevertheless, they were lower than those belonging to group I. Addition of phosphorous species in the primary anodization electrolyte would inhibit the formation of crystalline ␥Ј-Al 2 O 3 and make the anodic oxide both fully amorphous and much thicker (as shown in Figs. 8 and 9 ). Consequently, an oxide with inferior capacitance was obtained.
The retention voltages (Vr) of aluminum anodic oxide films formed according to different conditions are also listed in Table III . Among group I oxides, the film reanodized in phosphoric acid electrolyte (condition I2) had the lowest retention voltage. Re-anodization in plain phosphoric acid electrolyte seemed to give rise to an optimum capacitance while at the same time sacrificing oxide stability. Similar observations were found for the oxides anodized according to conditions II2 and III2. Comparing the results shown in Table III , it is clear that while the presence of P within the anodic oxide caused a I 1  571  122  45  I 2  628  112  79  I 3  575  123  114  I 4  580  122  106  I 5  575  123  110  II  II 1  520  127  125  II 2  587  114  112  II 3  523  128  126  II 4  525  126  125  II 5  524  127  125  III  III 1  520  129  126  III 2  583  117  113  III 3  522  130  127  III 4  524  129  125  III 5  523  130  126   a Group I: the aluminum oxides primarily anodized in ammonium adipate electrolyte; group II: the aluminum oxides primarily anodized in ammonium adipate/phosphoric acid mixed electrolyte; group III: the aluminum oxides primarily anodized in ammonium adipate/ammonium dihydrogen phosphate mixed electrolyte. b After immersion in boiling water for 10 min.
decrease in capacitance, it also improved the oxide stability slightly. Table III also shows the retention voltages of the anodic oxide films after immersion in boiling water for 10 min (Vr 10 ). The results indicated that the hydration resistance of the anodic oxides was significantly increased by the addition of phosphorous species in the primary anodization electrolyte.
IV. CONCLUSIONS
First, the aluminum oxide films, primarily anodized in ammonium adipate electrolyte, were transformed from a fully amorphous microstructure to partially crystalline one by 500°C, 2 min heat treatment. Specifically, the oxide consisted of two distinct zones, which included an inner amorphous layer and an outer layer containing crystalline ␥Ј-Al 2 O 3 . Second, the phosphorus found incorporated into the interior of the oxide film (which was primarily anodized in either phosphoric acid or phosphate containing electrolyte) inhibited the formation of the crystalline oxide. Third, the presence of phosphorous species in either the primary or re-anodization electrolytes caused the changes of Al and O distributions within the oxides. Fourth, the highest capacitance of the oxide film, primarily anodized in ammonium adipate electrolyte and re-anodized in phosphoric acid electrolyte, was due to its highest degree of crystallinity and thinnest thickness when compared to other oxides prepared in this study. Next, re-anodization in plain phosphoric acid electrolyte seemed to give rise to an optimum capacitance while at the same time sacrificing oxide stability. And last, although the presence of P within the oxide caused a decrease in capacitance, it also improved the stabilityparticularly the hydration resistance-of the aluminum anodic oxide film.
